Abstract Protection of natural or semi-natural ecosystems is an important part of societal strategies for maintaining biodiversity, ecosystem services, and achieving overall sustainable development. The assessment of multiple emerging land use trade-offs is complicated by the fact that land use changes occur and have consequences at local, regional, and even global scale. Outcomes also depend on the underlying socioeconomic trends. We apply a coupled, multi-scale modelling system to assess an increase in nature protection areas as a key policy option in the European Union (EU). The main goal of the analysis is to understand the interactions between policyinduced land use changes across different scales and sectors under two contrasting future socio-economic pathways. We demonstrate how complementary insights into land system change can be gained by coupling land use models for agriculture, forestry, and urban areas for Europe, in connection with other world regions. The simulated policy case of nature protection shows how the allocation of a certain share of total available land to newly protected areas, with specific management restrictions imposed, may have a range of impacts on different land-based sectors until the year 2040. Agricultural land in Europe is slightly reduced, which is partly compensated for by higher management intensity. As a consequence of higher costs, total calorie supply per capita is reduced within the EU. While wood harvest is projected to decrease, carbon sequestration rates increase in European forests. At the same time, imports of industrial roundwood from other world regions are expected to increase. Some of the aggregate effects of nature protection have very different implications at the local to regional scale in different parts of Europe. Due to nature protection measures, agricultural production is shifted from more productive land in Europe to on average less productive land in other parts of the world. This increases, at the global level, the allocation of land resources for agriculture, leading to a decrease in tropical forest areas, reduced carbon stocks, and higher greenhouse gas emissions outside of Europe. The integrated modelling framework provides a method to assess the land use effects of a single policy option while accounting for the trade-offs between locations, and between regional, European, and global scales.
Introduction
Protection of natural or semi-natural ecosystems is an important part of societal strategies for maintaining biodiversity, ecosystem services, and achieving overall sustainable development (Harvey et al. 2010; Stickler et al. 2009; Reid and Miller 1989; Gaston et al. 2008; Radeloff et al. 2013; Jenkins and Joppa 2009) . If societal preferences lead to policy measures that increase the share of land protected for biodiversity and ecosystem services, this limits the possibility for other uses, inherently leading to increased competition with e.g. agriculture, forestry, or urban development (Smith et al. 2010; Verkerk et al. 2014a; Rounsevell et al. 2012) . On the other hand, nature protection may lead to improved provisioning of ecosystem services, e.g. improved water quality or carbon storage, which entail important benefits for human wellbeing (MEA 2005; Chan et al. 2006; Nelson et al. 2009; Naidoo et al. 2008) . Multiple emerging trade-offs and synergies between nature protection and other land uses have to be taken into account if nature protection strategies are to be properly assessed.
The assessment of multiple land use trade-offs is complicated by the fact that land use changes occur and have consequences at different spatial scales. Specific measures of land use planning primarily have to be implemented and assessed at the local to regional scale, but their effects at the global scale are increasingly recognized due to telecoupling of land change processes (Liu et al. 2013) . At the same time, the spatial allocation of protected areas is important (Pouzols et al. 2014) . Protecting the same total area of land in different ways, e.g. under different conservation strategies (Brooks et al. 2006) , may have very different consequences for landscapes, the level of ecosystem service provision, and other outcomes (Naidoo et al. 2008) .
However, if protection measures are applied across different regions at the same time, their combined effect may have wider land use change implications at the national and even global scale (e.g. Lambin and Meyfroidt 2011; Miles and Kapos 2008; Kallio et al. 2006; Mayer et al. 2006) . Indirect effects of establishing increased areas of protected land may result from taking a significant share of land out of agricultural or wood production in the EU-27. Such a measure is likely to have consequences for global agricultural and wood markets and thus on land use in other world regions. Feedbacks and rebound effects are important to include in assessments of alternative biodiversity policy and protected area planning (Mayer et al. 2005; Maestre Andres et al. 2012) . Single assessment methods are often unable to account for the impact of nature protection policies across different scales .
In this paper, we use a chain of complementary modelling approaches with cross-scale coverage to analyse land use relevant scenarios. Analyses of global-scale processes (e.g. economic growth and international trade) are linked to EU-wide and national land use dynamics, which are then downscaled to sub-national administrative units as well as geographic grids. With this approach, the relevant land use aspects for different sectors can be assessed with specialized models at the appropriate spatial scale, while the interactions from regional to global scales can be taken into account through information exchange between the loosely coupled models.
The objective of this paper is to provide new results on the multi-scale impacts of an increase in nature protection areas as a key policy option in the EU-27, using this innovative modelling chain. This specific policy option is useful to demonstrate how the integration of land use models across different sectors (e.g. agriculture, forestry, cities) and spatial scales (from global to national to local) can provide complementary insights into land system change, which cannot be gained from single-model analyses. The analysis shows the combined impacts of policy parameters such as taxes, land use regulations and international trade policies on land system change, and ecosystem service provision. Finally, it helps to understand the interactions between various land use relevant sectors, and to integrate land management information in spatial land allocation models for Europe.
We first describe the coupled modelling chain and the specification of the relevant scenarios in the second section. In the third section, we describe the consequences of a policy scenario aiming at increased nature protection areas in EU-27. Selected model results on European changes in land cover, land management, land patterns, selected ecosystem services, as well as global impacts are described. The modelling results are then discussed, and conclusions for further research and the use of this type of assessments to inform policy decisions are drawn.
Methods and data

Description of the coupled modelling approach
The data flow in the coupled top-down modelling chain is described in Fig. 1 . Detailed model descriptions, explanation of acronyms, and scenario-specific settings are available in the Supporting Online Material (SOM). More details on scenario implementation and results from this assessment are provided in Lotze-Campen et al. (2013) and Verburg et al. (2013) .
Based on the storylines of two contrasting socio-economic marker scenarios (Nakićenović et al. 2000 ; See BMarker scenario specification as a reference for model implementation and policy assessment^), the modelling chain starts with the combined REMIND/MAgPIE models. They use exogenous inputs on expected population growth as well as assumptions on international trade (liberalized vs. regulated), food demand patterns (high vs. low meat consumption), land use regulation (strong vs. weak forest protection in tropical areas), and bioenergy demand (depending on climate mitigation targets). The macro-economic model REMIND (Leimbach et al. 2010) generates growth rates for gross domestic product (GDP) for ten world regions, while taking feedbacks from the land use model MAgPIE (Lotze-Campen et al. 2008 Popp et al. 2014) into account. For internal consistency and simplification, it has been tested and assured that the feedback of limited urban land expansion and other land use changes on GDP growth is minor in the REMIND model. The results on population numbers, GDP growth rates, dietary patterns, and required areas for second generation bioenergy crops are used as exogenous inputs by the MAGNET model (Woltjer et al. 2014 ) on trade and economic development and the EFI-GTM forest sector model (Moiseyev et al. 2011) . Demand for built-up areas in Europe in terms of land surface needed in the future for urban residential land use, industrial and commercial land uses, and transport infrastructure has been computed by the LUISA model Baranzelli et al. 2014) . Scenarios of urbanization have been defined as a function of projected population growth rates, assuming converging average household sizes among EU regions. Initial input data were collected from the European Statistical Office (population data) and UN databases (national GDP), and projections were taken from the MAGNET model. These changes in urban areas are used as an input by MAGNET, which subsequently calculates changes in worldwide land use, changes in agricultural production and consumption, changes in bilateral trade flows by sub-sector and region, and changes in agricultural prices for key commodities (wheat, coarse grains, rice, oilseeds, sugar, ruminant meat, non-ruminant meat, and dairy products). With regard to changes in agricultural productivity, MAGNET makes assumptions on exogenous yield trends, which are combined with endogenous processes of factor substitution. Based on changes in GDP and population, the EFI-GTM model provides future trends in forest production by sub-sector, forest product trade by sub-sector, and forest product prices.
Outputs from LUISA (on urban land use), MAGNET (agricultural trade and world market price changes), and EFI-GTM (demand and trade for forestry products and changes in forestry areas) are fed into three European-scale models: CAPRI (on national and sub-national agricultural production; Gocht and Britz 2010), EFISCEN (on forest resources; Sallnäs 1990 , Schelhaas et al. 2007 , and Dyna-CLUE (on spatial land use allocation; Verburg and Overmars 2009). These three models interact with each other and generate a range of land use relevant results at the sub-national scale for the whole EU-27 (See also Stürck et al. 2015) . CAPRI provides results on agricultural production and profitability, land requirements, and nutrient balances. Results from the LUISA statistical urban expansion model and CAPRI are used as inputs to Dyna-CLUE to refine land use allocation patterns at a very fine spatial scale (1 km 2 ) across the EU. EFISCEN utilizes the resulting changes in forest area, as well as demand for roundwood from EFI-GTM to project forest resource development, wood and biomass production, and management intensity. At this level of detail, all relevant influences from different sectors and scales are brought together for generating a consistent land use pattern. Selected model results can be used for specific ecosystem service assessments, e.g. EFI-SCEN results for wood supply and carbon sequestration on forest land and Dyna-CLUE results on landscape diversity (See BChanges in land-based ecosystem services^and Verkerk et al. 2014b) .
It is important to note that we link these models across scales in a very loosely coupled approach. Due to the different model structures, sectoral disaggregations, and data sources at different scales, outputs from one model often cannot be used directly by other models. Instead, transferred data have to be interpreted and translated into model-specific settings. In many cases, relative changes in key results, e.g. specific land areas, are transferred along the modelling chain, instead of making absolute numbers consistent, which is not possible. The impacts of these specific model translations can only be explored in a systematic sensitivity analysis, which is possible, but beyond the scope of this exercise. Nevertheless, our coupling approach allows us to make full use of the complementary strengths of the different modelling approaches.
Marker scenario specification as a reference for model implementation and policy assessment
We use two marker scenarios as a reference for contrasting future socio-economic developments in different dimensions. They serve as a background for the analysis of a specific European nature protection policy and its land use implications. Impacts of increased nature protection may differ in a scenario with a focus on economic growth and development, compared to a scenario with a trend towards environmental preferences and related restrictions on land use and land use change.
The two markers build on the A2 and B2 scenarios as described in the Special Report on Emission Scenarios (SRES; Nakićenović et al. 2000) . They have been specified for the European land use context by replacing the Beconomic vs. environmental priority^axis by a Bless intervention vs. more intervention^axis (See Paterson et al. 2012 ).
The A2 scenario represents a fragmented world with modest economic growth, high population growth, high growth of food and feed demand, weak regulation on land use change (i.e. weak tropical forest protection), no change in the Common Agricultural Policy (CAP), and phased-out bioenergy mandates. B2 represents a fragmented world with modest economic growth, modest growth of food and feed demand, some regulation on land use change, some protection of tropical forest areas, no change in the CAP, and modest bioenergy demand.
Detailed marker scenario descriptions, their model implementation, and specific model results are provided in LotzeCampen et al. (2013) and Verburg et al. (2013) . Summary results from the coupled modelling chain illustrate key characteristics of the two contrasting socio-economic pathways (Table 1) .
Defining and implementing a policy scenario on nature protection in Europe
Our policy scenario assumes (a) maintaining current levels of protection through the existing Natura 2000 sites and (b) an expansion of protected areas beyond Natura 2000 (based on various sources explained below) to create a robust ecological corridor network and strengthen constraints on land cover conversions and land management. Human intervention and land cover change are restricted within an improved network of European protected areas, and incentives are provided to limit fragmentation and increase connectivity according to the Pan- European Ecological Network (PEEN) (Jongman et al. 2011) . As a side effect, strong restrictions on land conversion in protected sites may result in more intensive use of unprotected areas as well as less abandonment of agricultural land in other regions. These policies and their consequences have been simulated with the EU-scale models CLUE, CAPRI, and EFISCEN, and the global land use model MAgPIE (See Fig. 1) .
As a first step in the modelling setup, specific nature areas throughout Europe were identified, which are effectively connected, undisturbed, and protected from intensive management, fragmentation, and urban sprawl. These areas include the core corridors identified in the PEEN project, a buffer around existing Natura 2000 protected areas, and existing areas up to level IV from the World Database on Protected Areas (WDPA; www.protectedplanet.net). Altogether, an increase in protected areas by 26% was designated (an area equivalent to about 6% of usable agricultural area). For the designated areas, constraints on land cover conversions were defined in the Dyna-CLUE land allocation model. This included restrictions on deforestation, built-up area expansion, and conversion of extensive pastures. The establishment of more connectivity in the corridor areas was stimulated by assuming incentives that reduce the competitiveness of agriculture in these areas and favour conversion to natural areas (including forest, natural vegetation, abandoned pasture, and arable land). Nature protection measures were assumed to lead to a quicker succession of abandoned farmland into natural land. The agricultural sector model CAPRI uses, for each administrative region at the European NUTS2 level, the spatially explicit changes in protected areas from the Dyna-CLUE model. CAPRI then calculates a new land balance (agricultural land availability), which may result in more intensive use of unprotected areas. The global land use model MAgPIE is subsequently used to estimate the effects of this reduced agricultural area in Europe on land use change and related greenhouse gas emissions in other world regions. Furthermore, the extent of protected areas also affects potential wood supply. In the forest resource model EFISCEN, felling restrictions (Verkerk et al. 2014a ) were assumed for newly protected forests (i.e. forested Natura 2000 sites, which are not classified as a protected area in the reference scenarios). This reduces the supply of wood for material and energy use. The reduced potential is handed over to the forest sector model EFI-GTM, which estimates future demand for wood from domestic harvest. Future wood harvest demand and changes in forest area as estimated by Dyna-CLUE were fed back into EFISCEN.
Results
In this section, we present selected results from the coupled modelling framework to illustrate the benefit from using complementary approaches to assess policy impacts on land use change at different scales. A broader range of moredetailed results from the specific models for all the subsections below is available in Lotze-Campen et al. (2013) and Verburg et al. (2013) .
Changes in land cover extent
Total usable agricultural area (UAA) in EU-27 is reduced by about 6% in the nature protection policy scenario. This happens in addition to a reduction in agricultural area between 2010 and 2040 in the underlying marker scenarios (Table 1) . As grassland areas are mostly affected by the nature protection implementation (See BDefining and implementing a policy scenario on nature protection in Europe^), the relative decrease in grassland area exceeds the decrease in arable crop area. The extra land demand for nature protection leads to more intensive agricultural use in the remaining agricultural land. Reduced feed production on extensive grassland is compensated for by more intensive arable crop production in other regions. Moreover, in CAPRI some low-input marginal grassland is also suitable for cropping and converted to arable land. The spatial distribution of the area change at the regional level (NUTS2) across EU-27 is shown in Fig. 2 . Strongest reductions in UAA occur in grassland-dominated areas, e.g. in northern UK and Ireland, Spain, and southeast Europe. Only small reductions occur in cropland-dominated areas, e.g. in southern UK, France, Denmark, and parts of Poland.
Changes in land management
The land use changes associated with agricultural production depend to a large extent on changes in land management and intensification. In CAPRI, intensification depends on relative prices of primary production factors. In both nature protection scenarios, EU average use of mineral fertilizer increases by 1%, and animal manure per hectare of agricultural land increases by 4% (Fig. A3.1, SOM) . Average nitrogen application from animal manure per hectare of grassland increases by 5% as the decrease in overall grassland area exceeds the decrease in number of animals. However, these changes in both A2 and B2 nature protection scenarios occur in addition to quite different trends in the underlying marker scenarios. The B2 scenario assumes population decrease for Europe. This results in lower demand for agricultural products and, therefore, less intensive production technology and lower fertilizer and animal manure use in B2 (−3%) compared to A2 (+17%) ( Table 1) . Due to felling restrictions in forested Natura 2000 sites, the stemwood harvest potential in the EU is estimated to be substantially lower in the nature protection scenarios as compared to the marker scenarios. Potential wood supply is reduced by 53 million m 3 /year (9% of potentials) in the A2 nature protection scenario and by 78 million m 3 /year (13% of potentials) in the B2 nature protection scenario in 2040 (Fig. 3) .
Due to the reduced production of industrial roundwood in Europe, as estimated by EFI-GTM, stemwood harvest is projected to increase only slightly from 448 to 452 million m 
Changes in land use patterns
The implementation of the nature protection scenarios results in the expansion of natural areas (i.e. forest, natural vegetation, abandoned pasture, and arable land). The area of natural land cover is approximately 5.5% higher in both nature protection scenarios, relative to the marker scenarios (an increase by 10.5 million ha in A2 nature protection and 10.4 million ha in B2 nature protection). Pronounced increases in natural land both nature protection scenarios occur in southern Spain, Eastern Europe, the UK, and Ireland. The share of total natural area increases at different locations as a result of the targeting in the policy option. In the B2 nature protection scenario, grasslands within the extended Natura 2000 network or in the ecological corridors are protected and maintained, whereas in the A2 nature protection scenario they are often abandoned as natural land.
The original land cover in 2000 and the expansion of protected areas are shown in Fig. 4 for a selected region with substantial increases in Natura 2000 expansion and additional ecological corridors, covering Romania, eastern Hungary, Slovakia, and south-eastern Poland. In some places, the protected areas are expanded by a large area; but in general, < -9.4 < -5.9 <-3.7 <-2.1 < 0 Fig. 2 Map of average changes in usable agricultural area (UAA) (%) in 2040 under policy scenario Bnature protection^as compared to the A2 marker scenario per NUTS2 region in the EU27 (source: CAPRI model, based on Dyna-CLUE inputs) the expansion is a more subtle addition to the original areas. These areas are protected by strong restrictions to land use conversion, such as no new built-up area and no new agricultural area being allowed. Incentives to convert farming areas to natural land uses, as implemented in the PEEN areas, encourage the development of ecological corridors (top-right panel of Fig. 4 ). The effects of the nature protection policy option are visible as an increase in forested and natural areas in the simulated land use by 2040. The increase in natural area in the nature protection scenario tends to take place close to areas that have natural land cover; hence, it is not easily visible on the maps. The difference tends to be most obvious between the A2 marker and A2 nature protection scenarios. Especially the effect of ecological corridors is easily visible as these were not encouraged in the A2 marker scenario. In both the A2 and B2 nature protection scenarios, an increased density of forest area and natural areas can be seen, e.g. in the Carpathian Mountains. The effect of different priorities in nature management can also be observed. For example in the northern Carpathians, in the B2 nature protection scenario, more grassland areas remain in use because they are protected for ecosystem service provision. This is in contrast to the A2 nature protection scenario where succession tends to take place in these areas and there is an increase in natural vegetation.
Changes in land-based ecosystem services
As total agricultural land area decreases, food provisioning through agricultural production, as reported by the CAPRI model in kcal per capita, is reduced by about 2.5% in the nature protection scenarios in Europe as a whole, compared to the markers. This is partly caused by a loss in comparative advantage in international trade, as imports are increasing. The total amount of deadwood in forests, as a proxy measure for biodiversity conservation services, is projected by EFISCEN to increase by 30-33 Tg dry matter (+2%) in both nature protection scenarios between 2010 and 2040. This increase is smaller than in the marker scenarios, because less harvest is taking place, which reduces the amount of small deadwood fractions from e.g. stem tops. However, the amount of large-diameter standing deadwood is increasing in both nature protection scenarios as compared to the markers. Forests also provide carbon sequestration services in the form of above-ground forest biomass ( Fig. A3.2, SOM) . In the B2 nature protection scenario, the size of the carbon sink is about 100 Tg CO 2 larger than in the B2 marker. In the A2 nature protection scenario, the difference is only about half this size. The sink is nevertheless projected to decline over time.
Global land impacts
The specific effects of a prescribed 6% reduction in total agricultural area in Europe as part of the nature protection scenario have been explored for nine other world regions with the REMIND-MAgPIE models. Since grassland in this specific model version is fixed (due to data limitations in several world regions outside of Europe), we analyse here a proportional change in cropland only. Effectively, due to internal adjustments in agricultural intensity, cropping patterns, and trade, total cropland in Europe (including Turkey in the MAgPIE model) is reduced by almost 8% as compared to the marker scenarios. While cropland is reduced in Europe by 13.8 Mha in the B2 nature protection scenario and 17.7 Mha in the A2 nature protection scenario, it is expanded mainly in SubSaharan Africa, Latin America, and South Asia. On average, agricultural productivity is higher in Europe than in most other world regions. Since land use is shifted to less productive areas (on average) outside of Europe, cropland area in the rest of the world expands by 27.6 Mha in the B2 nature protection scenario, and by 57.0 Mha in the A2 nature protection scenario ( Table 2) . As a consequence, global cumulative carbon emissions increase by about 10 Gt in A2 nature protection. In this scenario, tropical forests are not protected, and cropland expansion, especially in Sub-Saharan Africa and Latin America, occurs in carbon-rich forest areas. By contrast, in B2 nature protection, tropical forests are increasingly protected over time. Hence, total cropland expansion is about 50% lower than in A2, and global cumulative carbon emissions increase only by about 1.4 Gt, i.e. substantially less than in A2. The reduced supply of wood within the EU, as estimated by EFISCEN, was provided to EFI-GTM to constrain the maximum industrial roundwood harvest for each European country. This leads to reduced industrial roundwood removals compared to the marker scenario harvest levels and increased imports of industrial wood into the EU (Fig. 5) . Increased wood imports only partially compensate for reduced harvests. Forest production in the EU-27 is reduced, with the pulp and wood panels industry mostly affected. The reaction in the B2 scenario on forest conservation is somewhat stronger than in A2. 
Discussion
We have analysed the consequences of a nature protection policy in Europe with a new multi-model, multi-sector assessment framework. The ex-ante model-based assessment of potential policy pathways can identify key trade-offs and synergies between different socio-economic sectors and land uses, like agriculture, forestry, urban development, and nature protection. External effects of a European policy choice for regions outside Europe are also covered. Our chain of complementary models generates aggregate macro-outcomes, e.g. on agricultural and forestry product trade, as well as spatially explicit maps showing the regional heterogeneity and distribution of indicators like land use shares, forest productivity, agricultural management intensity, and carbon sequestration. Specifically for a nature protection scenario, our analysis shows how the spatial allocation of a certain share of total available land to newly protected areas has various impacts on different land-based sectors. Agricultural land is slightly reduced, which is partly compensated for by higher management intensity. Due to land constraints and increased production costs, total calorie supply per capita is reduced within the EU-27. While wood harvest is projected to decrease, carbon sequestration rates increase in European forests as compared to the marker scenarios. At the same time, imports of industrial roundwood from other world regions increase.
While the aggregate results at the European level for some of the sectors are relatively modest, the spatial details at the local administrative level or on a geographic grid may differ substantially. We here show selected spatially explicit results for specific changes in agricultural land use, allocation of protected areas, and resulting land use patterns (BChanges in land cover extent^, BChanges in land use patterns^). In a related paper, it has been shown that very different outcomes, sometimes even opposite land use change trajectories, can be expected across Europe, due to the large diversity in local environmental and socio-economic conditions (Stürck et al. 2015) .
The spatial land use patterns in the Dyna-CLUE model are to a large extent not only determined by the land use demand taken from CAPRI and LUISA simulations but also influenced by the spatial restrictions and incentives from the specific Dyna-CLUE settings. These factors are both integral parts of the policy options and cannot be easily separated. The model outputs from CAPRI, Dyna-CLUE, and EFISCEN have also been used for further ecosystem service assessments with complementary methods (Mouche et al. 2014) .
While the area of natural land cover in Europe is approximately 5.5% higher in both nature protection scenarios, the analysis would be incomplete without considering effects outside of Europe. Through our coupling approach, we use consistent scenario input data along the top-down modelling chain, which covers multiple land use sectors. Moreover, feedbacks from regional scenario implementations, like a European nature protection strategy, to global land use change have been analysed. This is a major innovation, compared to previous European-wide modelling efforts with less comprehensive approaches (e.g. Helming et al. 2008 Helming et al. , 2011a Jansson et al. 2008; Verburg et al. 2008) . Due to nature protection in Europe, agricultural production is partly shifted to other parts of the world. The net increase in global agricultural area reduces tropical forest areas and related carbon stocks and increases GHG emissions. The results of this multi-model assessment have to be discussed in light of the recent literature on the effects of nature protection policies in EU-27 at different scales. Our nature protection scenario largely follows the logic of the land sparing approach (Green et al. 2005; Boncina 2011 ), i.e. it takes specific areas out of use, especially in its implementation in the A2 nature protection scenario. But for Europe and many other parts of the world, this land-sparing focus of a nature protection and biodiversity conservation strategy is not the only option, and continued extensive use of land or even further extensification may be an appropriate alternative (referred to as land sharing, e.g. Green et al. 2005) . This has only been tested to a limited extent by the different implementations of nature protection in the A2 and B2 scenarios. Further integration of a land sharing approach with a focus on maintaining ecosystem services in larger agricultural areas could also be assessed with the modelling chain to allow for a simplified assessment of the two strategies. The fact that at this stage no model is included that would be able to assess impacts on specific habitats and biodiversity is a major impediment for a more specific assessment. However, the coupled modelling chain is set up in a flexible way and allows for adding models required for specific research and assessment questions.
One clear benefit of the coupled multi-model approach applied here is the use of consistent input data and scenario assumptions across models from different sectors. The specific implementations of different aspects of the scenario storylines need to leave some degrees of freedom to the various modelling groups involved, due to structural differences in sector-specific models. However, an intensive information exchange and repeated iterations among the involved modellers to reconcile the different definitions and disciplinary epistemologies has assured consistency of the scenario implementation to the maximum extent possible . We see huge benefits in this loosely coupled modelling approach, where each model can make use of well-researched inputs provided by other models, which would not be accessible in a typical study based on any single model. A further important added value of the described approach across scales is that different dimensions (land cover, land management, land patterns, global land impacts) can be covered consistently with specialized complementary models for different land use sectors (agriculture, forestry, urban land use), rather than a single model covering the same land use sectors with less detail.
Our approach adds quality, credibility, and complementary information to sector-specific results, which is an important asset especially when dealing with well-informed stakeholders across different land use sectors. At the same time, by coupling the different models, a larger number of interactions and feedbacks can be explicitly taken into account. If, for example, specific European models on agriculture or forestry can make use of explicit model results from linked global models, they do not have to rely on their own assumptions about future developments in other world regions or in other sectors (e.g. on energy demand and prices).
For internal quality assurance, the coupled approach heavily relies on extensive validation and sensitivity analysis of the single models in previous work (See SOM for specific examples for all the models involved). Where validation is limited due to a lack of observational data, the robustness of model results has also been checked in extensive model comparison exercises (e.g. MAGNET and MAgPIE are part of the Agricultural Model Intercomparison and Improvement Project, www.agmip.org).
While the data exchange and consistency between different models can be sufficiently managed through repeated iterations and translation between the modelling groups, challenges remain with regard to error propagation and uncertainty along the whole modelling chain. In this study, we did not intend to provide a comprehensive and well-structured sensitivity analysis for the whole modelling framework, because this task was too complex and we have to leave it to future research work. However, we did take some parts of the underlying uncertainty explicitly into account, by using two contrasting marker scenarios as a reference for our specific nature protection policy assessment. Through our coupled approach and the continuous information exchange between the modellers, we tried to make sure as much as possible that the scenario storylines were implemented in a consistent way at different scales in the different sectors involved.
Conclusions
We have completed a multi-scale, multi-sector land use scenario assessment for a European nature protection policy, based on a novel modelling approach. The policy scenario is combined with two contrasting socio-economic pathways, to explore the robustness of achieving sustainable land use in Europe. Our coupled modelling approach is capable of assessing major trade-offs related to land use outcomes in a consistent way across different spatial scales, from local to global. Socio-economic outcomes, e.g. on agricultural and forestry production and trade, have been explicitly linked with environmental indicators and non-market ecosystem services. A number of challenges remain, especially regarding uncertainty propagation and consistency of specific results across different models and scales. In addition, coverage of policy options and their implementation at different scales remains rather simplistic. Furthermore, the list of relevant land use indicators, e.g. the quality of specific habitats, needs to be improved. Specifying additional policy options and running them with the complete modelling chain are resource demanding and limit the flexibility of such a highly integrated land use assessment approach.
